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Abstract: This paper proposes an approach to measure double-sided near-right-angle 
structured surfaces based on dual-probe wavelength scanning interferometry (DPWSI). The 
principle and mathematical model is discussed and the measurement system is calibrated with 
a combination of standard step-height samples for both probes vertical calibrations and a 
specially designed calibration artefact for building up the space coordinate relationship of the 
dual-probe measurement system. The topography of the specially designed artefact is 
acquired by combining the measurement results with white light scanning interferometer 
(WLSI) and scanning electron microscope (SEM) for reference. The relative location of the 
two probes is then determined with 3D registration algorithm. Experimental validation of the 
approach is provided and the results show that the method is able to measure double-sided 
near-right-angle structured surfaces with nanometer vertical resolution and micrometer lateral 
resolution. 
© 2017 Optical Society of America 
OCIS codes: (120.0120) Instrumentation, measurement, and metrology; (120.3180) Interferometry; (120.6650) 
Surface measurements, figure; (120.5050) Phase measurement. 
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1. Introduction 
Micro-fabricated structured surfaces with multi-side high sloped facets, such as 
micropyramidal arrays, V-grooves, prismatic films or lenslet arrays have found wide 
applications in optical industries such as optical communication, liquid crystal display (LCD), 
diffractive optics, micro optics, light guiding applications etc [1–7]. The manufactured items 
are reported to suffer from high scrap rates up to 50-70% since the fabrication is heavily 
reliant on the experience of the processing workers adopting an expensive trial-and-error 
approach [8]. Therefore overcoming this issue becomes increasingly meaningful. 
Currently, it is challenging to measure the structured surfaces with multi-side high sloped 
facets to achieve high-precision topography, irrespective of whether using a contact or non-
contact method. The stylus profilometer, for instance, can provide a nanometer resolution 
profile, but regarding areal measurement, the resolution decreases because of the jump 
between different profiles and it is also relatively time-consuming. As for microstructures 
with a high aspect ratio, the size of the stylus might induce large deviations. Furthermore, the 
stylus might damage the sample being inspected. Optical scanning techniques such as 
confocal microscopes and interferometers, are also restricted in this area, either the maximum 
measurement angle is limited by the numerical aperture (NA) [9], or the resolution is too low 
because the angle is too large when measuring structured surfaces with multi-side high sloped 
facets. Sometimes it is even impossible to measure the structured surfaces correctly, for 
example, Gao et al. reported some highly repeatable systematic errors with white light 
scanning interferometry (WLSI) [6]. SEM is capable of observing a variety of structures with 
high lateral resolution, however, it is not able to acquire the height information [10]. Even 
with the powerful Scanning Probe Microscope (SPM) family of instruments, including, 
Atomic Force Microscope (AFM) and Scanning Tunnel Microscope (STM), the axial range 
(normally just several microns) is still a bottleneck and restricts its application in this area 
[11]. Li et al. developed a compact and fast Autostereoscopy-based Three-Dimensional On-
machine Measuring (ATDOM) system to achieve efficient in-situ measurement [2,3]. 
However, the low performance of measurement repeatability is a large limitation.. Jansen et 
al. presented a scanning double side Fizeau interferometer to simultaneously probe both the 
front and back sides of a silicon wafer to measure its thickness and flatness [12]. Although the 
system is for measuring two nearly parallel faces, it provides confidence that the acquisition 
of the topography of the structured surfaces with multi-side high sloped facets might be 
achieved by developing a measurement system composed of two or more interferometers. 
Wavelength Scanning Interferometry (WSI) has many distinct features [13]. Firstly, 
compared to Vertical Scanning Interferometry (VSI), WSI requires no mechanical scanning, 
which means the probe is fixed during measurement and the scanning process could be very 
fast, with the potential of on-line measurement. Also the resolution is very high, which has 
been proved to reach nanometer axial resolution in previous research [13,14]. Consequently, 
WSI is adopted in this research to solve part of the challenge, i.e., to obtain the topography of 
the double-sided near-right-angle structured surfaces. 
2. Methodology 
System setup 
The DPWSI system, as illustrated in Fig. 1, is mainly comprised of a tungsten-halogen bulb, 
an acousto optical tunable filter (AOTF) and two WSI probes or interference objectives which 
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are orthogonally placed for micro and nano-scale areal surface measurement. The AOTF 
filters the white light emanating from the tungsten-halogen bulb into a single-wavelength 
which is conducted through the fiber and then be split into two beams, illuminating the two 
interferometers respectively. By changing the frequency of the driving RF signal gradually, 
the wavelength scanning is achieved [13]. The two probes are identical and with a large 
working distance of 30 mm, enabling the measurement of large objects. Each of the probes 
forms an interferometer, which simultaneously measures the structured surface in two 
orthogonal directions. During the wavelength scanning process, 256 frames of interferograms 
are captured from each of the probes by the corresponding cameras, which are then analyzed 
by a fringe analysis algorithm such as the phase slope algorithm [14,15] to acquire the 
measurement volume information of each probe respectively. In order to build up the whole 
topography information of the measured sample the two measurement data sets should be 
bound together based on the space coordinate calibration using a specially designed 
calibration specimen and 3D registration algorithm. Since there is no overlapping 
measurement area between the two orthogonally placed interferometers, it is meaningless to 
point two interferometers at the same location. This means, the relative locations of the two 
interferometers have to be calibrated, otherwise, the measurement results of the two 
interferometers are totally independent and it is almost impossible to bind them together to 
form the whole topography. 
Calibration principle 
The interference microscope objectives in the measurement system adopt the Michelson 
interferometer setup. As illustrated in Fig. 2, the light beams reflected from the reference 
mirrors REF1 and REF2 interfere with the light beams reflected from the sample 
correspondingly. The measurement result acquired from each interferometer is half of the 
optical path difference (OPD) between the sample surface to the corresponding virtual image 
of the reference plane, in other words, the measurement results have a fixed relationship with 
respect to the locations of the two virtual images of the reference mirrors, namely VREF1 and 
VREF2. Since there is no mechanical movement during the measurement process, the 
reference mirrors REF1, REF2 and the beam-splitters BS1, BS2 remain static to each other 
throughout the process. Therefore the relationship between the two probes can be established 
through the space coordinate calibration, then the whole topography of the sample can be 
obtained. 
 
Fig. 1. Block diagram of the setup. 
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 Fig. 2. The coordinate system of the probes. 
 
Fig. 3. The relative location of the 2 faces of the artefact. 
If nP
, 
'
nP  represent the quaternions of the feature points such as corners or centers of the 
features in the reference topography, and nQ
, 
'
nQ  represent the quaternions of the 
corresponding feature points in the measurement results by the 2 probes respectively. The 
following equations must be satisfied: 
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where 1R , 2R  refer to the rotation matrices from the coordinate systems of the two probes to 
the reference topography, while 1t , 2t  represent the translation matrices from the coordinate 
systems of the two probes to the reference topography, nα , nβ , nγ  represent the rotation 
angles between the coordinate systems around the x, y, z axes, nxt , nyt , nzt  refer to the 
translation components along the x, y, z axes. So there are 12 unknown variables in total. 
Theoretically if there are enough pairs of irrelevant feature points, i.e. more than four pairs 
(since three equations can be obtained with each pair of feature points), the matrices will be 
able to be determined. The feature points can be extracted with an image processing 
algorithm from the measurement results by WLSI (Taylor Hobson CCI 3000), SEM and 
DPWSI respectively with the edge extraction method described in [16,17] such as Sobel 
operator and Watershed. The spike errors, like batwing, might be a problem so a cluster filter 
is used to remove the outliers before the extraction. These equations can be theoretically 
solved with Procrustes operation in MATLAB. However, since errors inevitably exist when 
extracting the feature points, a 3D registration algorithm such as Iterative Closest Points (ICP) 
is used to improve the matching accuracy. Since the data sets are treated as a whole in ICP 
algorithm, it is difficult to match the features accurately unless all the features are first 
extracted before using the algorithm for matching, which means, the fabrication quality of the 
features has large impact on the calibration accuracy. After solving these equations, the 
coordinate systems of the two interference probes are established. After that, the two data sets 
acquired from the two probes can be bound together to form the whole topography of the 
structured surface as: 
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 (5) 
where X  refers to the result measured with probe 1, while Y  represents the result acquired 
with probe 2. To reduce the computation, the result can be rotated and translated in the same 
coordinate system as shown above without changing the result. 
The artefact is a certified calibration-standard cube, with two adjoining faces 
perpendicular to each other within two seconds of arc (the real deviation is 1.2 arcsecs 
measured with autocollimator). The roughness and flatness of the two faces are both very 
high ( aS  better than 30 nm, flatness better than 50 nm) and the edge between the two faces is 
very sharp. The features were milled with Focused Ion Beam (FIB) with a depth between 200 
and 300 nm. To our knowledge from both the literature and experiment, none of the existing 
instruments are able to acquire the topography of the structured surface of the artefact with 
sufficient resolution to detect the features. The reference topography is reconstructed by 
combining the results acquired with Taylor Hobson CCI 3000 and FEI Quanta 200 3D 
FIB/SEM workstation with the method illustrated in Fig. 3. The areas including the features 
on both facets (illustrated as the two rectangles in Fig. 3) can be measured with a Taylor 
Hobson CCI 3000 with nanometer scale vertical resolution. The relative location between the 
two faces can be measured with SEM with submicron resolution, acquiring the distances d1, 
d2 and d3 in three different directions as shown in Fig. 3. With the angle between the two 
planes, the topography can be reconstructed by stitching the data together based on the 
coordinate system shown in Fig. 3 with the following restrictions: 
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where nP  refers to the fitted plane of face n = 1 or 2, , nm pf  represents the selected feature on 
plane nP , m = 1 or 2. The stitching can be accomplished by keeping the data of one face still, 
rotate and translate the other face to satisfy these restrictions with only rigid transformations. 
3. Experimental results and discussions 
Both the two probes of the DPWSI have been calibrated with the step-height standard 
specimens. The result shows each probe has achieved nanometer scale vertical accuracy. As 
an example, Fig. 4 is the measurement result of a 178 nm step-height sample manufactured by 
VLSI standards measured by one of the probes, the deviation is only several nanometers. The 
result of the other probe is very similar. 
 
Fig. 4. The measurement result of a 178 nm standard step-height sample by one of the probes. 
The reference topography of the coordinate relationship calibration artefact has been 
stitched and the system has been calibrated. The stitched result by the DPWSI is shown in 
Fig. 5(a) with the residual error illustrated in Fig. 5(b). The residual error of the majority of 
points (99.96%) is below 4 µm which is about the lateral resolution of the interferometers, 
only a small number of the points (0.04%) at the edge of the features with spike errors such as 
batwing the residual error exceeds 4 µm. A series of the profiles are shown in Fig. 5(c) 
separated with a certain gap in blue. Since the depth of the features (200-300 nm) is tiny 
compared to the other dimensions, the depth of the features are enlarged to ensure the features 
can be seen. A profile with true measurement data is also provided for the top and side face 
respectively in red. The experiment shows it is very difficult to align the data sets directly 
with ICP algorithm. The best way to make the alignment is to extract the features in the data 
sets first, and then make alignment with the corresponding features. The 3D registration result 
between Taylor Hobson CCI 3000 and both DPWSI probes shows the average deviation 
between the matched areas is micrometer scale in the lateral direction and submicron level in 
the axial direction. There are many reasons for the deviation. The spike errors, like batwing, 
are an important error source, but can be eliminated by the cluster filter and outlier removal 
algorithm. The imperfect surface finish of the bottom of the features is another error source, 
which causes difference between the instruments because the numerical aperture (NA) of the 
objectives of Taylor Hobson CCI 3000 and DPWSI are different. However, the error can be 
reduced if the fabrication quality of the calibration artefact could be improved and more 
features are manufactured and adopted. Despite all of these error sources, the average lateral 
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deviation of the registration is micrometer level, which is similar to the lateral resolution of 
the probes (about 4 µm). Since only rigid transformations are adopted in the registration, the 
shape of the two faces are not changed, thus the vertical resolution of the two faces remains 
the same in nanometer scale after the stitching but with the relative locations of the two faces 
distorted by micrometer level. The dihedral between the two faces is calculated with a result 
of 89.9646°. The deviation compared to the result measured by autocollimator is 2.144 
arcmins which is quite large and is partially attributable to the fabrication quality of the 
calibration artefact and can be improved by reforming the calibration artefact. 
 
Fig. 5. (a) The topography measured with the DPWSI. (b) The residual error of the topography 
compared to the reference topography measured with Taylor Hobson CCI 3000 and FEI 
Quanta 200 3D FIB/SEM workstation. (c) The extended 2D plots of the DPWSI topography. 
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Two samples were measured to test the capability of the proposed method. One sample is 
a cylindrical diamond-turned multi-step specimen with 20 µm step height and the diameter 
about 20 mm, as shown in Fig. 6. Due to the edge and slope effects some of the measurement 
data are lost in the edge and high-sloped area. As a comparison, Fig. 7 is the measurement 
result of the same specimen by Taylor Hobson CCI 3000, which agrees with the DPWSI 
result exactly. The only problem is it only provides the information in one direction and with 
totally no information about the side face. 
 
Fig. 6. The measurement result of the diamond turned specimen by DPWSI. 
 
Fig. 7. The measurement result of the diamond turned specimen by Taylor Hobson CCI 3000. 
Another sample is a metallized prismatic film manufactured by Microsharp, the result is 
shown in Fig. 8. As can be seen, the height of the steps is around 32 µm. It can also be seen 
that the high curvature areas, i.e., the peaks and valleys are still not measured because the 
surface normals in those areas scatter light beyond the NA of the corresponding interference 
objectives. Figure 9 is a comparison of the measurement results of the same film by the 
DPWSI and a stylus profilometer (Taylor Hobson PGI Form Talysurf Series 2 with the radius 
of the stylus tip only 2 µm). As can be seen, the DPWSI profile has sharp peaks and valleys, 
which is because the measurement data on the edges of the surface is missing and interpolated 
data is used. Whereas the measurement result of the stylus profilometer is circular at the top 
edge which is confirmed to be sharp by SEM because of the affection caused by the tip size of 
the stylus. The result of the stylus profilometer which is corrected by deconvolution of the 
stylus tip radius is shown by the blue profile in Fig. 9(b) but the improvement is limited. 
Overall, except for the areas at the edge, the DPWSI result agrees with the result measured by 
a stylus profilometer very well. 
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Fig. 8. The measurement result of a metallised prismatic film. 
Fig. 9. The comparison of the measurement results of the metallised prismatic film by: (a) 
DPWSI and (b) Taylor Hobson PGI Form Talysurf Series 2, red is before deconvolution, blue 
is after deconvolution. 
To conclude, the experimental result shows the proposed measurement system has 
demonstrated a novel approach to measure structured surfaces with double-sided near-right-
angle facets and output the topography with nanometer scale vertical resolution on each facet 
and micrometer scale lateral resolution. Most of the surface information can be provided 
except for the parts of the surfaces with the normals scattering light beyond the NA of the 
probes and all the surface parameters such as aS , qS , zS  and flatness etc. can be calculated 
from the topography. 
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